TiAl coupon specimens were implanted with Fe, Mo, Ta or W ions and then cyclically oxidised with temperature varying between room temperature and 1200 K in a flow of purified oxygen under atmospheric pressure. The surface modification by the ion implantation was characterised by glancing angle X-ray diffractometry (GAXRD), Auger electron spectroscopy (AES) and transmission electron microscopy (TEM). The oxidised specimens were examined by AES, GAXRD, X-ray diffractometry, scanning electron microscopy and electron probe microanalysis. The oxidation resistance of TiAl is significantly improved by the implantation of Mo, Ta or W ions with a dose of 10 21 ionsÁm
Introduction
TiAl-based alloys have attractive properties, e.g. high specific strength as light weight heat-resisting material. Although their application is limited at present to automobile engine components, 1, 2) it is very probable that they will be used in aerospace and other fields in near future. 3, 4) Usually, engineering TiAl-based alloys contain several alloying elements for controlling their microstructure and thus improving their mechanical properties. However, the compatibility between the mechanical property and oxidation resistance has not been well established by alloying additions. Surface treatment is a possible way to obtain sufficient resistance against environmental attack including oxidation without spoiling required mechanical properties. The ion implantation 5, 6) enables a considerable enrichment of additional element in a thin surface layer without changing bulk properties. Almost all the elements can be implanted, and the ion dose and the implantation depth of the element can be well controlled by adjusting the implantation conditions. In this respect, the ion implantation is an excellent research tool.
In a previous study 7) it was found that the implantation of Nb ions significantly improves the oxidation resistance of TiAl. This good result was attributed to the formation of a thin -Ti phase layer in the implanted area, which was confirmed by a TEM study. 8) In order to confirm and extend this view we continued TEM observations for the specimens implanted with Fe, Mo, Ta or W. This paper deals with the results. Nb, Mo, Ta and W are known as strong -phase former, while Fe is a weak one.
In general, the high-temperature oxidation of TiAl results in a scale consisting of an outer TiO 2 layer and an inner porous layer which is a mixture of Al 2 O 3 and TiO 2 . 9, 10) Because of such a scale structure, its oxidation resistance is not enough at high temperatures. The formation of a definite and continuous Al 2 O 3 layer is prerequisite for obtaining the sufficient oxidation resistance.
Experimental

Specimen
The chemical composition of the TiAl specimen used in this study is shown in Table 1 . Its microstructure was shown elsewhere.
8) It consisted of grains and a small fraction of = 2 grains. The grain size ranged widely from a few to 100 mm. Coupon specimens for implantation, measuring about 15 Â 10 Â 1 in mm, were machined out of a thin slice of a hot-forged pancake prepared by Ar-arc skull melting. The specimen peripheries were abraded to make an angle of 45 degree so that the whole specimen surface was implanted with two steps: one for front surface and the other for back surface. The ion dose on the slant surface is a little smaller than that on the flat area. However, the oxidation resistance can be clearly evaluated. Before implantation, the whole specimen surface was polished to a mirror finish with a series of SiC polishing paper and alumina powder of 0.3 mm in size. The specimen was then washed in acetone and alcohol ultrasonically. The implantation was carried out using 200 or 400 keV implanter under conditions listed in Table 2 , which contains the oxidation resistance obtained for convenience. 
Oxidation test
The oxidation resistance was assessed by a cyclic oxidation test in a flow of oxygen, purified by passing it through towers of silica gel, phosphorous pentoxide and CO 2 remover, under atmospheric pressure. A few specimens were placed on an alumina boat and put in a horizontal quartz reaction tube. One cycle consisted of heating to 1200 K in about 3.6 ks, holding at temperature for 72 ks (20 h), and cooling to room temperature in about 5 ks. After each cycle the specimens were weighed and visually inspected, and returned to the reaction tube for the next cycle. A shortperiod oxidation test was also performed to examine properties of initial oxide scales.
Specimen characterisation
The implanted specimens and oxidised specimens were characterised by conventional methods including Auger electron spectroscopy (AES), glancing angle X-ray diffractometry (GAXRD) with off-set angle of 2 degree, X-ray diffractometry (XRD), scanning electron microscopy (SEM), electron probe microanalysis (EPMA) and transmission electron microscopy (TEM) with energy dispersive spectroscopy (EDS). The both X-ray tests were performed using Cu K radiation. The TEM specimens were thinned using a focused ion beam (FIB) unit. Before the FIB processing, a thin carbon layer and then a Pt-Pd layer were deposited on the specimen surface to protect it. In general, the implanted element shows a near Gaussian distribution, and the implantation depth increases and the maximum concentration decreases with an increase in the acceleration energy for the same dose. No peak was found for a dose of 10 19 m À2 indicating that this dose gives a low peak concentration which seems to be below the detection limit of AES. In all the cases, there is slight penetration of oxygen due to the remaining gas in the implanter, although the implantation was carried out under a high vacuum. Figure 2 shows the GAXRD profile of the specimen implanted with Mo (200 keV, 10 21 m À2 ) as an example. The main peaks correspond to -TiAl and there are low peaks corresponding to -Ti and 2 phases. The peaks of -Ti were also detected for the other implanted specimens. This can be explained by the following; for instance, W is known to be a Table 2 Ion implantation conditions and oxidation resistance. strong -phase former, and the formation of this phase seems to be resulted from a very limited solubility of W inTiAl. 11) To confirm further the formation of -phase by the implantation, detailed TEM observations were performed. Figure 3 shows a TEM bright field image of a cross section and diffraction patterns of the specimen implanted with Fe (50 keV, 10 21 m À2 ). The number in the figure shows positions where diffraction patterns were taken and EDS was performed. The EDS results are shown in Table 3 , where the concentration is normalised for Al, Ti and Fe. The Femodified zone is about 60 nm thick, slightly thinner than that observed by AES. The outermost layer (1) of about 5 nm thickness is amorphous. It is noteworthy that this layer contains higher Al concentration than the TiAl substrate. The AES and EDS showed that it contains oxygen along with Al, Ti and Fe, suggesting the layer to be an oxide. Position (2), about 20 nm from the surface, shows indistinct ring with a lattice spacing of about 0.214 nm and was identified as TiFe 2 . The Fe concentration of this point was about 42 mol% by EDS. This phase was not confirmed by GAXRD probably owing to its small amount. The position (3), about 45 nm deep from the surface, also shows a ring diffraction pattern, however the ring is more distinct and the lattice spacing, about 0.225 nm, is slightly larger than that of position (2) . This corresponds to (110) of -phase, suggesting that it consists of very fine grains or almost amorphous. Position (4) is the TiAl substrate. Figure 4 shows a TEM bright field image and diffraction patterns of the specimen implanted with W (100 keV, 10 21 m À2 ). The EDS results are shown in Table 4 , where the concentration is normalised for Al, Ti and W. The Wmodified zone is about 70 nm thick, which is consistent with the AES result. The outermost thin layer (1) pattern for this layer is nearly the superposition of those for positions (3) and (4). It is again noteworthy that the Al content is significantly higher than the Ti content. Position (3), about 20 nm from the surface, was identified as a crystalline -phase. The W concentration was found to be about 45 mol% by EDS and this position corresponds to W concentration peak in the AES profile. Position (4), about 55 nm from the surface, shows indistinct ring with the lattice spacing of about 0.227 nm, which corresponds to (110) ofphase. Position (5) is the TiAl substrate.
Results
As-implanted specimens
The implantation of Mo (340 keV, 10 21 m À2 ) formed again a thin layer of -Ti phase near the surface as shown in Fig. 5 .
These results agree well with the results of AES and GAXRD, and clearly show the -phase formation. In all the cases, the modified zones show dimmed images. This is attributable to the lattice defects and strain induced by the implantation. Figure 6 shows the cyclic oxidation curves of the Feimplanted and non-implanted specimens. Duplicate runs were performed for showing repeatability of the results. The non-implanted specimen shows fast mass gains for 11 cycles, after which mass losses due to partial scale spallation follow. Contrarily, the implanted specimens show much slower mass gains and no scale spallation was observed, indicating an improved oxidation resistance.
Oxidation behaviour
The kinetic results for the Mo implantation are summarised in Fig. 7 , where mass gains are quite small and they decrease to some degree as the implantation energy increases, suggesting that wider implanted area gives better oxidation resistance.
The kinetic results for the W implantation are summarised in Fig. 8 . The dose of 10 19 m À2 results in no improvement. The dose of 10 20 m À2 leads to a large improvement, but after 15 cycles slight acceleration in the mass gain was observed. However, the implantation under the other conditions leads to quite small mass gains and no scale spallation. Thus excellent oxidation resistance was obtained. The implantation of Ta gave similar results as those of the implantation of W. The oxidation resistance of all the implanted specimens is summarised in Table 2 , where ''excellent'' means the formation of virtually Al 2 O 3 scales. Figure 9 shows GAXRD profile of the W-implanted specimen (100 keV, 10 21 m À2 ), oxidised for a short period; i.e. the specimen was heated to 1200 K in oxygen in about 3.6 ks and the furnace was switched off immediately. The characteristic points are high peaks of -TiAl and Z-phase (Ti 5 Al 3 O 2 ), 12) Fig. 9 , it is certain that the oxide scale is still very thin and the TiO 2 growth is mostly suppressed during the whole oxidation period. The intensity ratio of Al 2 O 3 to TiO 2 also suggests this suppression. Characteristic points for the SEM and EPMA after 1440 ks (400 h) oxidation were as follows. The outer surface of the Fe-implanted specimen contained small oxide nodules consisting of porous mixture of 
Metallographic examinations
Discussion
In general, the mass transport through TiO 2 is much faster than through Al 2 O 3 . Therefore, it is prerequisite to form an Al 2 O 3 scale or at least a dense and continuous Al 2 O 3 layer in the scale for obtaining the sufficient oxidation resistance for TiAl-based materials. The present results clearly show that the implantation of Mo, Ta or W improves the oxidation resistance of TiAl significantly by forming virtually Al 2 O 3 scales, provided that the ion dose is sufficiently high. The improvement can be explained mainly by the following two mechanisms: (1) enhancement of Al 2 O 3 formation and/or stabilising the Al 2 O 3 scale, and (2) suppression of TiO 2 growth.
The first mechanism can be related to the formation of -Ti phase. This was confirmed by GAXRD and TEM observations for the specimens implanted with the highest dose. It is very probable 13, 14) that the Al diffusion in the -Ti phase is much faster than in TiAl, because the former is solid solution while the latter has an ordered structure. Since the diffusivity of Al in TiAl is not available in the literature, it is necessary to confirm this point by a further study.
The enrichment of Al relative to Ti in the outermost layers by the implantation, shown in Tables 3 and 4, seems initial scales. The fact that the implantation of W (180 keV, 10 21 m À2 ) showed the best oxidation resistance supports the first mechanism, because the higher acceleration energy resulted in wider penetration depth of W. In other words a thicker layer of -phase is formed, where more Al atoms can participate in the Al 2 O 3 formation compared with the case of lower acceleration energy.
The formation of a definite layer of Z-phase 12) reflects the formation of a protective Al 2 O 3 layer, otherwise this layer would decompose to discrete Al 2 O 3 and 2 -Ti 3 Al phases.
The second mechanism is achieved by the so-called doping effect; the incorporation of an element with higher valence than that of Ti, 4, in TiO 2 reduces lattice defects and thus significantly slows the TiO 2 growth. 15) Mo, Ta, W and Nb 8) are effective in this respect, whereas Fe has an adverse effect because of its valence of 2 or 3. If Mo and W were in solution in TiO 2 having valence of 6, they may have larger effects than Nb and Ta. The incorporation of W in TiO 2 of the initial scale can be understood by the AES result shown in Fig. 12 . However, Fe is present on top of the initial scale as oxide as shown in Fig. 11 , rather than in solution in TiO 2 . Fe was found only in the outermost layer of the scale with Ti. Thus implanted Fe is retained in the surface layer and has no or little influence on the subsequent oxidation.
Summary
The ion implantation of Mo, Ta or W to TiAl improves its cycle oxidation resistance in a flow of purified oygen under atmospheric pressure with temperature varying between room temperature and 1200 K. Virtually Al 2 O 3 scales are formed. They are very adherent to the substrate showing no spallation. A dose of 10 21 ions m À2 gives the best oxidation resistance, but a dose of 10 19 ions m À2 has no effect. The ion implantation of Fe has a similar effect but with less degree. The acceleration voltage has a little influence; a hihger voltage results in a deeper modified layer, hence a slight further improvement in the oxidation resistance.
The GAXRD for the Fe-, Mo-, Ta 
